The spin dimer system Ba 3−x Sr x Cr 2 O 8 is a solid solution of the triplon Bose-Einstein condensation candidates Ba 3 Cr 2 O 8 and Sr 3 Cr 2 O 8 . The magnetic intradimer interaction constant J 0 in this spin system can be tuned by varying the Sr content x. Very interestingly, this variation of J 0 with x is highly nonlinear. In the present study, we show that this peculiar behavior of J 0 can be only partly explained by the changes in the average crystal structure alone. We report on neutron powder diffraction experiments to probe the corresponding structural details. Performing extended Hückel tight binding calculations based on those structural details obtained at liquid helium temperatures, we found that the change of the magnetic interaction constant can be well reproduced by taking into account the presence of a structural transition due to the Jahn-Teller active Cr 5+ -ions. This transition, lifting the orbital degeneracy and thereby the magnetic frustration in the system, is heavily influenced by disorder in the system arising from partially exchanging Ba with Sr.
I. INTRODUCTION
Bose-Einstein-condensation (BEC) is one of the most fascinating aspects in modern physics. A decade ago, the field of spin dimer physics has been closely linked to this topic by explaining several properties of certain spin dimer systems in terms of a BEC of magnetic quasiparticles (triplons) 1 . The triplons, formed by dimers of magnetic ions, condense at a low enough temperature T and above a critical magnetic field H c (T ). Once the condensate is formed, the triplons should show macroscopic phase coherence, a defining property of every BEC. It has very recently been suggested that this phase coherence could be probed dimer systems would therefore be a direct proof for macroscopic phase coherence and allow to classify the observed spin condensate as a true BEC.
As the above sketched experiment requires two spin systems with a certain difference in the respective critical fields H c , the fine tuning of this parameter becomes necessary.
The critical field largely depends on the intradimer magnetic interaction constant J 0 between the ions that form the spin dimers. The J 0 is essentially determined by the specific (super-)exchange path between those ions and therefore changes if the crystal structure is modified. The spins systems Ba 3 Cr 2 O 8 and Sr 3 Cr 2 O 8 , two candidates for a triplon BEC [5] [6] [7] , represent such spin systems with a similar structure, but strongly differing magnetic interactions. For the corresponding mixed system Ba 3−x Sr x Cr 2 O 8 , J 0 has been reported to be tunable by changing the Sr content x 8 . It was found that J 0 changes in a peculiar, nonmonotonous way as a function of x which contrasts with the almost linear changes of the lattice parameters. Up to now, this discrepancy has not been resolved.
The present work aims to give a satisfactory explanation based on a more detailed examination of changes in the crystal structure with x. It has been shown for 
II. EXPERIMENTAL DETAILS Synthesis
The polycrystalline samples were prepared by standard solid state reaction schemes.
Powders of BaCO 3 (99,98%, Sigma-Aldrich), SrCO 3 (99,9%, Sigma-Aldrich) and Cr 2 O 3 (99,9%, Sigma-Aldrich) were mixed according to
ground and heated in flowing Ar at 1300
• C. The heating was started with a linear ramp up to 1300 • C in 5 h. The samples remained at this temperature for 12 h, followed by a linear cooling to room temperature in 8 h. The grinding and heating was repeated twice.
We prepared samples with x ∈ 0, This splitting ∆e µµ of the µ-th considered orbital occurs when two CrO 6− 4 -tetrahedra are brought together to form a dimer (see Fig. 2 ) and it can be calculated directly. Based on these splittings, J 0 can be estimated as
, where U is a repulsion potential and
is a sum over all n occupied orbitals. Due to the degeneracy of the 3z 2 − r 2 -and the x 2 − y 2 -orbital at room temperature, both orbitals have to be taken into account when calculating (∆e) 2 . At temperatures below the Jahn-Teller transition, however, only the 3z 2 − r 2 orbital is occupied (see below), so that (∆e) 2 = (∆e 3z 2 −r 2 ) 2 . A more detailed description of the general implementation of this procedure and its limitation to antiferromagnetical interactions can be found in 12 . The ETHB calculations have been performed using the SAMOA-suite (available free of charge at http://www.primec.com/.).
The repulsion potential U depends on the chemical composition and should vary gradually with the Sr concentration x 13 . Assuming a linear behavior as a function of x, U (x) = A·x+B,
. Values for A and B were determined by comparing the published experimental values of J 0 (from inelastic neutron scattering) 14, 15 with the The sketch refers to the undistorted room temperature structure.
calculated orbital splitting for the considered compounds in the low temperature phase.
III. RESULTS AND DISCUSSION
Crystal structure at room temperature
In the neutron powder diffraction patterns obtained at room temperature, the observed Bragg reflections could be indexed using the space group R3m for all x. The position Ba 1 is twelve-fold coordinated with site symmetry 3m (see Fig. 4 a) . As stated above, the edge length N is shared with the Ba 2 -decatope. Both edge lengths N and O as well as the dodecatope height h 1 decrease linearly as a function of x (see Fig. 4 ).
The oxygen tetrahedron around the Cr-ion is only slightly affected by varying the stoichiometry. Neither the tetrahedron height h 3 nor the edge length M of the base triangle change significantly as a function of x (see Fig. 4 ). Without any additional influences, this negligible change of the Cr-tetrahedron should be reflected in a rather small, monotonous change of the interaction constant. This change of J 0 would be mostly given by the shrinking separation of the two tetrahedra forming a dimer as a function of x. Thus, the structural data at room temperature does not give a satisfactory explanation for the observed changes of J 0 with the stoichiometry.
Crystal structure at T = 2 K Our analysis of the diffraction patterns obtained at T = 2 K shows that the lattice symmetry is lowered for some, but not all values of x upon cooling. For chemical compositions close to the parent compounds, i.e. for x ∈ {0, 0.33, 2.33, 3}, the lattice is better described using the space group C 2/c , that has been reported for Ba 3 Cr 2 O 8 and Sr 3 Cr 2 O 8 , with new diffraction peaks appearing (see Fig. 5 ). For the remaining samples, no superstructure peaks could be observed. The diffraction pattern at T = 2 K could be well described by the room temperature space group R3m, indicating a suppression of the structural phase transition for the samples with 0.33 < x < 2.33.
Where detected, the symmetry breaking is due to a horizontal displacement δ s of the apical oxygen in the tetrahedron surrounding the Cr 5+ -ions (O 1 in our notation, see Figs. 1 and 6). As shown in Fig. 6 room temperature) is lost. This oxygen shift affects the electronic orbitals of the Cr-ions.
In the case of a perfect tetrahedron, the d -orbitals are grouped into a lower lying, twofold degenerate e g state and a higher lying, threefold degenerate t g state. When the symmetry breaking occurs in Ba 3−x Sr x Cr 2 O 8 , the e g state degeneracy is lifted, with a separation into a lower lying 3z 2 −r 2 orbital and a higher lying x 2 −y 2 orbital. Therefore, both of the e g -states have to be considered when calculating ∆e in case of the space group R3m, whereas only the 3z 2 − r 2 orbital has to be taken into account for C 2/c .
Apart from a shift of the apical oxygen atom, the structural distortion also affects the monoclinic angle β. Where the distortion could be detected, β deviates slightly by ∆β from the value that is expected from a conversion between the rhombohedral and the monoclinic space group (see Fig. 1 ). The value of ∆β was found to depend on x (see Fig. 6 ) and vanishes for stoichiometries where the Jahn-Teller transition is suppressed. Based on these parameters, we could estimate the value of repulsion potential U for all examined values of x. As we assumed U to be temperature independent, the same values of U (x) were used to calculate for J 0 at low temperature and at room temperature from the calculated splittings ∆e .
In x. On the other hand, the experimental values and the calculations for both the room temperature and low temperature structure almost coincide for a Sr content of x ≈ 1.33.
For this composition, our neutron diffraction experiments did not indicate any evidence for the structural symmetry breaking that we observed for the other values of x at T = 2 K.
Furthermore, combining the results of Figs. 6 and 7, suggests that a larger value of J 0 seems to be accompanied by a stronger symmetry breaking.
From these results, we conclude that the Jahn-Teller distortion, which induces an orbital ordering 9,11 , increases the intradimer interaction constant J 0 for 0 < x < 3, as it was reported for Sr 3 Cr 2 O 8 . Without this orbital ordering, the splitting ∆e for a given x remains almost constant for all temperatures. We predict that no (or just a minimal) distortion will be present for stoichiometries for which the experimental value of J 0 is close to the calculated room temperature value. distribution over the possible sites does not directly follow the stoichiometry (see Fig. 8 ). We found that the occupation probability for Ba at the Ba 1 site at intermediate stoichiometries is enhanced with respect to a completely random case and vice versa for the Ba 2 site.
Albeit, the occupation preferences are not very pronounced and do not fully coincide with the suppression of the Jahn-Teller distortion. In addition, such site preferences do not directly break the site symmetry of the Cr 5+ -ions, so that a Jahn-Teller distortion could still be energetically favorable. As all other quantities describing the average crystal structure changes linearly as a function of the Sr content x 16 , there seems to be no obvious structural reason for the suppression of this distortion.
However, as the prerequisite for such a distortion is a global degeneracy of electronic orbitals it could also be suppressed by local changes in the crystal structure. While for pure the possible energy gain of the phase transition is lowered and therefore this transition itself is gradually suppressed.
This scenario seems to be confirmed by the variation of the mean square displacements u 2 as deduced from the structural refinement and shown in Fig. 9 , which are found to be maximum for intermediate values of x. We attribute this behavior to an increase of the local disorder as it is common in for solid solutions. To obtain an estimate for this disorder contribution, we have assumed that u is given by Gaussian distributions and comprises a thermal and a disorder term, u = u T + u D , with no correlation between u T and u D . Therefore, the total mean displacement would be u 
